INTRODUCTION
Previous studies have indicated that the efficiency of iron transfer through the placenta is relatively low. In addition, several attempts to feed various iron compounds to gestating or lactating sows to affect the iron content of milk have been largely unsuccessful. As a result, the total body storage of iron in piglets is inadequate to meet the need to maintain the increased amount of tissue being formed. Therefore, direct intramuscular injection of iron preparations into baby pigs has become an accepted method of preventing anemia (Bruininx et al., 2000) .
A new method that is expected to have beneficial effects on iron utilization by animals is dietary δ-aminolevulinic acid (ALA) supplementation. Synthesized by condensing succinyl-CoA and glycine, ALA is the precursor of heme, which contains Fe and has catalytic and regulatory roles in all cells (Zhu et al., 2002) . The biosynthesis of heme is limited by ALA synthase. However, the addition of exogenous ALA may provide an adequate amount of precursor to induce the synthesis of additional heme when ALA synthase is limited. Indeed, the results of Min et al. (2004) and Chen et al. (2008) indicated that dietary ALA supplementation can increase serum hemoglobin (Hb) and iron concentrations in weanling pigs. However, Mateo et al. (2006) reported that ALA supplementation increased the red blood cell (RBC) concentration but had no effects on Hb in weanling pigs.
Vitamin C is an efficient enhancer of iron absorption (Teucher et al., 2004) . Therefore, we conducted this study to determine if the administration of ALA and vitamin C exerts a greater effect on feed intake, backfat, and iron status in sows and piglets than the administration of ALA alone.
MATERIALS AND METHODS
The experimental protocol used in this study was approved by the Animal Care and Use Committee of Dankook University.
Experimental Design, Animals, and Diets
A total of 120 Landrace × Yorkshire, primiparous and multiparous sows (n = 30/treatment) located at a commercial farm were used in this experiment. Gestating sows were fed a basal gestation diet until 7 d before parturition (Table 1) . On d 107 of gestation, sows were moved into farrowing crates in an environmentally regulated farrowing house and assigned to 1 of 4 dietary treatments. The mean parity of the sows was 4.1 ± 0.4, and an attempt was made to balance sows with different parties when assigning treatments. The 4 dietary treatments included 2 vitamin C concentrations (0 and 500 mg/kg of feed, as fed; Yuhan Co. Ltd., Seoul, Korea) and 2 ALA concentrations (0 and 10 mg/kg of feed, as fed; produced by recombinant Escherichia coli containing Rhodobacter capsulatus hemA gene; EASY BIO System, Seoul, Korea) arranged as a 2 × 2 factorial (Table 1) . Farrowing crates (2.1 × 0.6 m) contained an area (2.1 × 0.6 m) for newborn pigs on each side, and the temperature in the farrowing house was maintained at a minimum of 20°C. Supplemental heat was provided for pigs using heat lamps. Piglets were treated according to routine management practices that included teeth clipping, tail docking, ear notching, and subcutaneous iron dextran injections (50 mg/pig) within 24 h.
From d 107 of gestation until farrowing, sows were fed 2.6 kg of the lactation diet without ALA or vitamin supplementation per day. From farrowing to weaning, sows were fed the experimental lactation diets supplemented with ALA and vitamin C. After farrowing, daily feed allowance increased gradually, and sows had ad libitum access to feed by wk 2. All diets were provided in meal form, and sows were provided with free access to drinking water throughout the experimental period.
Sampling and Measurements
The day before farrowing, the backfat of sows was measured 6 cm off the midline at the 10th rib using a real-time ultrasound instrument (Piglot 105, SFK Technology, Herlev, Denmark). After farrowing, piglets were ear notched and weighed individually. Within 48 h after farrowing, all litters were standardized to 10 piglets per litter within each gestation treatment. The individual BW and number of piglets per litter were recorded at weaning (d 21), at which time the BW and last rib fat depth of sows were recorded again. Sow feed intake was recorded daily to determine the daily feed intake during lactation. Milk secretions were collected from 10 randomly selected sows per treatment on d 3, 7, 14, 21, and 28 of lactation. A total of 60 mL of milk was collected at each collection. The milk samples were divided into 2 subsamples and stored at −20°C to be analyzed for crude fat and CP (Kjeldahl N × 6.8; AOAC, 2000) . The concentration of total milk solids in milk was measured by the Mojonnier method (Artherton and Newlander, 1977) . The glucose and iron concentration were analyzed by an automatic biochemistry analyzer (Hitachi 747, Hitachi, Tokyo, Japan).
Sows were bled via vena cava puncture before feeding at d 107 of gestation and at weaning (d 21). In addition, 60 piglets per treatment (2 piglets per litter) were selected randomly and bled at weaning. Blood samples were collected into a 5-mL vacuum tube with K 3 EDTA (Becton, Dickinson and Co., Franklin Lakes, NJ) and placed on ice until analysis. The serum Hb and iron concentrations, total iron-binding capacity (TIBC), and hematocrit concentration were determined using an automatic biochemistry analyzer (Hitachi 747). The serum was separated by centrifugation at 4,000 × g for 30 min at 4°C, and an aliquot was stored at −4°C for subsequent determination of the total protein, albumin, and IgG concentrations using an automatic biochemistry blood analyzer (Hitachi 747). The whole blood samples were analyzed for RBC, white blood cell (WBC), and lymphocyte counts using an automatic blood analyzer (ADVIA 120, Bayer, Tarrytown, NY). Supplemented with 0 or 10 mg of δ-aminolevulinic acid (ALA)/kg of BW and 0 or 500 mg of vitamin C/kg of feed (as fed) in a 2 × 2 factorial arrangement of treatments (replaced a portion of the corn); from d 107 of gestation until farrowing, sows were fed the lactation diet without ALA or vitamin C supplementation.
Statistical Analysis
All data in this experiment were analyzed as a completely randomized design with a 2 × 2 factorial arrangement of treatments by using the GLM procedure (SAS Inst. Inc., Cary, NC). The final model included the main effects of ALA and vitamin C, and their interaction. The sow or litter of piglets was the experimental unit. For the blood profile data, the initial data was used as a covariate. A probability level of P < 0.05 was considered to be statistically significant, whereas P < 0.10 was considered a tendency. Table 2 shows the effects of dietary ALA and vitamin C on feed intake and ultrasound backfat change of sows during the lactation period. Sows fed diets containing ALA tended (P < 0.10) to have greater feed intake than sows fed diets without ALA. In addition, sows that were provided with ALA had less ultrasound backfat loss during lactation than sows that were not fed ALA (P < 0.05).
RESULTS

Feed Intake and Ultrasound Backfat
Blood Profiles of Sows
The effects of dietary ALA and vitamin C supplementations on the blood profiles of sows are shown in Table 3 . There were no differences in the initial hematological profiles among treatment groups. At weaning, there were interactions (P < 0.05) of ALA and vitamin C on total protein, albumin, and IgG concentrations, with sows receiving both ALA and vitamin C having greater concentrations of those metabolites and IgG than those sows on other treatments. The RBC concentration decreased as the experiment progressed; however, sows fed diets supplemented with ALA had greater RBC concentration at the end of the experiment than those fed diets without ALA (P < 0.05). However, no differences in WBC concentration were observed among treatments at weaning. Sows that received diets supplemented with vitamin C had greater (P < 0.05) lymphocyte concentrations than those that received diets without vitamin C supplementation (P < 0.05).
Hematological Status and Milk Profiles of Sows
The effects of dietary ALA and vitamin C on the iron status and milk profiles of sows are presented in Tables 4 and 5 . The serum HB concentration tended to increase in response to the addition of ALA (P < 0.10), whereas the serum iron concentration at weaning was greater in sows fed diets with ALA than those sows fed diets without ALA (P < 0.05). However, no effects on TIBC were observed. The ALA supplementation improved the milk fat and protein contents (P < 0.05), although the glucose concentration decreased with ALA supplementation (P < 0.05). The solid content in the milk was not affected by dietary treatments.
Growth Performance of Piglets
The birth weights of piglets did not differ among the treatments (Table 6 ). However, an ALA × vitamin C interaction on final BW of weaned pigs was observed, which was caused by a greater BW gain in the combined treatment than other dietary treatment groups (P < 0.05).
Blood Profiles of Piglets
The total protein, albumin, RBC, WBC, lymphocyte, and TIBC concentrations in piglets were not affected by supplementation with ALA or vitamin C at weaning (Table 7) . However, piglets from sows with the vitamin C-supplemented treatment had greater IgG concentration than those piglets from sows that received diets without vitamin C supplementation (P < 0.05). In addition, the Hb and iron concentrations were increased in the ALA supplemented treatments compared with those in treatments without ALA supplementation (P < 0.05). Abbreviations: − or + ALA = basal control diet with 0 or 10 mg of ALA/kg of BW; − or + vitamin C = vitamin C added at a level of 0 or 500 mg/kg of feed (as fed).
3 ALA effect, P < 0.10. 4 ALA effect, P < 0.05.
DISCUSSION
Generally, ALA is used in photodynamic therapy for cancer patients; however, the high cost of this material prevents its widespread use in other areas. Recently, a new method allowing the production of ALA via bacteria fermentation at much less cost has been developed. Therefore, several studies have been conducted to determine if the administration of ALA to animals produces any positive effects. According to the results of a study conducted by Min et al. (2004) , dietary ALA improved the hematological profiles of weaning pigs. In addition, Chen et al. (2008) demonstrated that ALA supplementation could improve iron status and the immunity of weanling pigs. Therefore, we conducted this study to determine if the administration of ALA to sows produced similar results. Adult female pigs seem to be less susceptible to iron deficiency due to the conservation of body iron reservoirs in the body tissue; however, the iron requirement of pregnant swine is greater than nongravid gilts because of the hematopoiesis of fetal tissue (Mahan, 1990) . In the present study, ALA supplementation increased the serum iron and Hb concentrations of sows, which is similar to the results of previous studies (Min et al., 2004; Chen et al., 2008) . In addition, the RBC concentration also increased in response to treatment with ALA, which allowed the sows to maintain RBC concentration closer to initial values. Similarly, Mateo et al. (2006) reported that the RBC concentration was increased by dietary ALA supplementation.
Serum Hb and iron concentrations improved in response to ALA supplementation in the current study. However, it is generally accepted that the iron deficiency is observed in piglets because of the low efficiency of placental transfer of iron to the fetuses (Brady et al., 1978) . When pigs are raised on pasture, the young neonatal piglets can obtain iron from the soil or via coprophagy. However, modern swine facilities make such iron sources almost completely unavailable. Ducsay et al. (1984) suggested that neonatal anemia in swine is a product of modern methods of management, as well as the inherent nature of the porcine reproductive tract, which results in inadequate Fe stores in piglets compared with the requirement. The milk iron concentration in sows is not changed by simple addition of dietary iron (Veum et al., 1965) . In the present study, analysis of the sow milk revealed that supplementing the diet of sows with ALA before parturition increased the concentration of iron in the milk. The mechanism may be because ALA addition is able to stimulate the production of heme iron, which is more efficient than simple dietary iron (Chen et al., 2008) . To the best of our knowledge, this is the first study to report that treatment with ALA increased the concentration of iron in milk. However, it should be noted that many studies have indicated that providing pigs with feed that contain increased concentrations of various iron compounds (iron sulfate or iron chelates) did not prevent iron deficiency in piglets through an increased concentration of iron in the milk (Spruill et al., 1971; Brady et al., 1978) . Therefore, further study is necessary to further confirm this observation.
Suckling pigs need 7 to 16 mg of iron daily, or 21 mg of iron/kg of BW gain are required for maintenance (NRC, 1998) . However, the milk of sows only contains approximately 1 mg of iron per litter (Brady et al., 1978) ; thus, it is a common practice to inject piglets with iron dextran after birth. In the current study, we also injected the piglets with 50 mg of iron dextran to prevent serious anemia. Zimmerman (1980) suggested that a Hb concentration of 8 g/dL indicates borderline anemia, whereas a Hb concentration of 10 g/dL is adequate for piglets. Based on these concentrations, piglets in the nonsupplemented and supplemented treatments in current study had adequate Hb concentrations (>10 Delta-aminolevulinic acid and vitamin C in sows g/dL). Based on the blood iron concentrations in the sows, it is likely that the improved iron status in the piglets occurred because of the increased concentration of iron in the blood and milk of the sows. In addition, the increased growth rate can be also explained by the increased iron status of the piglets. Schrama et al. (1997) suggested that an increased iron status can result in the improved growth performance, which is in agreement with the results of the current study. However, Wei et al. (2005) reported that dietary iron supplementation did not increase the growth performance of suckling and weaning pigs. Because the blood iron concentrations in piglets in other treatment groups were slightly inadequate, the difference in growth observed among groups in this study was more likely due to growth of piglets being limited in other treatment groups rather than the improvement because of supplementation with ALA and vitamin C.
Even though some interactions between ALA and vitamin C treatments were observed in blood profile of sows, such as total protein, albumin, and IgG, it appeared that there was no beneficial effect of the iron status of sows on piglets. Carmona-Garcia (1983) reported that supplementation of sows with vitamin C for 1 wk before farrowing had no effect on reproductive performance, whereas supplementation of vitamin C throughout gestation increased litter size. Therefore, the lack of vitamin C response may be due to the short period of supplementation. Perks and Miller (1996) reported that addition of vitamin C to iron-fortified milk in cows did not enhance iron bioavailability of piglets.
In conclusion, dietary ALA supplementation increased the iron status and milk iron concentration of sows. In addition, the results of this study revealed that the iron status of piglets in the ALA treatment groups was also improved, which indicates that the efficiency of iron transfer from the sow to the piglet increased in response to dietary supplementation of ALA. However, supplementation with ALA and vitamin C did not further improve the iron status of sows and piglets. Abbreviations: − or + ALA = basal control diet with 0 or 10 mg of ALA/kg of BW; − or + vitamin C = vitamin C added at a level of 0 or 500 mg/kg of feed (as fed); RBC = red blood cell; WBC = white blood cell; and TIBC = total iron-binding capacity. Values are presented as a percentage of total WBC count.
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